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Of the large number of positive electrode materials researched in the past two decades, only layered oxides with 3 symmetry (i.e., LiCoO 2 ) 2 , spinel oxides with 3 symmetry (i.e., LiMn 2 O 4 ) 3 , and olivine-like poly-anion oxides with Pnma symmetry (i.e., LiFePO 4 ) [4] [5] , are commercially used in LIBs, mainly due to their exceptional cycling ability and reasonably-high energy/power density. [6] [7] [8] However, both existing and emerging technology require LIBs with energy and power capabilities that are beyond the existing state-of-the-art.
Improvement in battery energy density is commonly achieved by raising the battery working ) LIB application. [10] [11] However, the cycle life of such materials is insufficient for practical application, and increasing cycling performance has been the focus of intense recent research, with the main hurdles being the instability of conventional organic carbonate-based electrolytes (> 4.3 V vs. Li) [12] [13] [14] [15] [16] [17] at high voltage and the existence of two-phase reaction behavior. [18] [19] [20] The high voltage deterioration of the electrolyte induces the formation of a solid-electrolyte interphase (SEI) layer with low lithium conductivity at the positive electrode, leading to growing electrochemical impedance and poor cycling performance, as well as rate capability. for P-LNMO) 26 , and lower impedance. 27 The higher electronic conductivity is thought to arise from increased electron hopping as a result of higher Mn 3+ content 25 and the larger D Li is believed to arise from differences in single-and two-phase reactions. The two-phase region in F-LNMO has a similar D Li to that in P-LNMO, but lithium certainly has a significantly greater diffusivity during the single-phase transitions, as the two-phase separation induces unfavorable inter-grain stress that results in grain breakdown, phase bordering, and phase interface movement. and PI-coated F-LNMO has superior cycling performance at 55 °C to the uncoated material. 38, 40 In this work we synthesized P-LNMO and studied the effects of both SiO 2 and PI coatings on the electrochemical performance of the material as a LIB positive electrode. in an oven at 50 -100 °C for 10 min followed by baking at 300 -500 °C for 5 h in air, to obtain the electrode powder encapsulated with a SiO 2 nano-coating. To coat PI on P-LNMO, dimethylacetamide was used as a solvent to mix 26 wt.% pyromellitic dianhydride, 10 wt.% pphenylenediamine, 35.5 wt.% biphenyl dianhydride, and 28.5 wt.% oxydianiline with the P-LNMO powder. 3 wt.% of polyamic acid (PAA) in P-LNMO was added to the solution mix and stirred for 30 min. The wet powders were filtered and dried at 40 °C for 3 h under vacuum. The obtained P-LNMO mixture with PAA was then cured at 60, 120, 150, 200, 300, and finally 400 °C, under nitrogen for 1 h at each step to obtain PI-coated P-LNMO.
X-ray powder diffraction (XRPD) and high-resolution neutron powder diffraction (NPD) data were collected using an X'pert Pro with Cuk radiation and ECHIDNA, the high-resolution neutron powder diffractometer with 1.6214(4) Å neutrons (determined using the La were carried out without applying a conductive coating and with a 10 kV acceleration voltage.
The particle size distribution of the as-prepared samples was examined using a DLS particle size 
■ RESULTS AND DISCUSSION
This work aims to enhance the performance of P-LNMO when used as a high-energy LIB positive electrode and to study the effects of SiO 2 and PI coatings on its electrochemical properties. Due to the similar lattice parameters of the P-LNMO and F-LNMO phases and the relatively-low sensitivity of X-rays towards Li ions in the presence of heavier elements such as Ni and Mn, the XRPD data are unable to confirm the phase structure of the as-prepared samples and distinguish the P-LNMO and F-LNMO phases. The XRPD patterns of the samples are shown in Figure S1 in the Supporting Information. NPD data were used to determine the crystallographic details of pristine, SiO 2 -coated, and PI-coated P-LNMO. All samples adopt the spinel form with P4 3 32 symmetry, indicating that the coating processes do not significantly change the material's structure. The refinement profiles are shown in Figure 1 and crystallographic details obtained from Rietveld analysis are given in Table 1 , indicating similar crystallographic features between pristine and coated P-LNMO powders in this work. The Ni/Mn ordering proceeds slowly at 700 °C and the degree of ordering is controllable through the isothermal annealing time. 19 It is notable that the annealing temperature used in this work was 750 °C and the dwell time was 12 h, which is 50 °C higher than the generally-accepted sintering temperature enabling P-LNMO to be exclusively obtained, where F-LNMO generally forms at temperatures above 800 -1000 °C. ^, ^^ constrained to sum to unity, *, **,*** constrained to be the same.
The effects of coating processes on the P-LNMO morphology were examined using SEM and TEM. As shown in Figure 2a , SEM reveals that the P-LNMO was highly aggregated, with particle size 5 -20 m in diameter. The particle-size distribution, d (0.5), was also determined to be ~ 16.6 m (shown in Figure S2 ). The narrow particle-size distribution may be attributed to the co-precipitation procedure that involves the preparation of a homogeneous precursor Table S1 . These confirm that the coatings do affect the electrical resistivity of the samples, with the electric conductivity being ~ 8.3% enhanced by the thin silica layer and ~ 1.9% reduced by the PI coating. Further, the electric conductivity of the thin silica layer will be enhanced by Li+ present in the internal structure following cycling, and therefore the SiO2 nano-layer is expected to be electronically conductive 32 and unlikely to negatively impact ionic conductivity. SEM images of the PI-coated P-LNMO (Figure 2c ) reveal spherical aggregates that consist of irregular rod-like particles. The PI coating is found to not completely cover the surface, being distributed randomly in small sections. As indicated by the measured conductivity, the insulating property of the PI coating does not significantly affect electrical conductivity, and is postulated to suppress the dissolution of Mn by reducing contact between the P-LNMO particle and the electrolyte. Given that the particle size of the P-LNMO remained nearly unchanged after coating with PI, it is the dissimilar morphology of the aggregates, as well as the coating layer, that is expected to affect electrochemical performance of this P-LNMO.
Figure 2. FE-SEM images at low (top) and high (bottom) magnification of pristine and coated P-LNMO particles. The high-magnification SEM image of SiO 2 -coated P-LNMO is replaced with
a high-resolution TEM image, showing the SiO 2 coating layer on the particle.
The electrochemical performance of the coated and pristine P-LNMO was tested in coin-type cells. Figure 3a shows the first charge-discharge curve of cells containing pristine and coated P-LNMO electrodes and Figure 3b shows the corresponding incremental capacity plot for these. and 55 °C is shown in Figure 4 and a summary of electrochemical performance is shown in indicating the successful protection of P-LNMO from hydrofluoric acid attack. We note that PIcoated P-LNMO underwent anomalous and unstable processes in the first 13 cycles before stabilizing. The origin of this early instability is unknown and has not been observed in other polymer-coated materials, although it is possible that the PI coating initially blocks Li diffusion and a growing SEI layer offers "tunnels" for Li diffusion in the following cycles.
At 55 °C, the cycling performance of pristine P-LNMO is particularly poor, exhibiting a capacity fade rate of 0.3928 mAh g . At such temperatures the organic electrolyte more readily decomposes at high voltages, [12] [13] [14] [15] [16] [17] forming a SEI layer with low lithium conductivity and hindering rate capability. [21] [22] Hydrofluoric acid formed from the electrolyte decomposition corrodes the P-LNMO and accelerates the dissolution of Mn into the electrolyte. The SiO 2 layer effectively mitigated capacity fade, which reduced by ~ 65%. This better cycling performance is not only attributed to the reduced direct contact between P-LNMO particles and the electrolyte, but also to the enhanced Li + diffusivity through the SiO 2 layer. The PI coating reduced capacity fade at 55 °C by ~ 85%, likely as a consequence of the excellent thermal stability, good chemical resistance, and mechanical properties of the PI, which very effectively modulate capacity fade.
It is known that the electrochemical performance of the electrodes can vary with cell construction and preparation method, leading to difficulty in comparing the effects of coatings on P-LNMO to those reported for F-LNMO. Hence, results are compared by considering the effect of coatings relative to the pristine LNMO. SiO 2 -coated F-LNMO is found to deliver ~ 96% of the capacity of the pristine F-LNMO and enhance capacity retention after 100 cycles at 55 °C by ~ 37% . 32 This is significantly lower than the ~ 65% enhancement by the SiO 2 coating that we find for P-LNMO, suggesting a greater benefit for high-temperature capacity fade of the SiO 2 coating for P-LNMO relative to F-LNMO. PI-coated F-LNMO is reported to have a similar capacity retention to uncoated F-LNMO at 25 °C, but a ~ 22% higher capacity retention than uncoated F-LNMO at 55 °C after 50 cycles at 1 C. 40 This is also significantly poorer than the ~ 85% enhancement to capacity retention induced by PI coating for P-LNMO. Therefore, whilst the SiO 2 and PI coatings reduce the capacity fade rate of both P-LNMO and F-LNMO, the reduction is more pronounced for P-LNMO. This is an interesting result given that P-LNMO undergoes two two-phase reactions during LIB operation in contrast to the solid-solution and single two-phase reaction of F-LNMO, 18, 20 where the capacity fade is generally associated with two-phase reactions that lead to particle segregation and pulverization. Although the SiO 2 and PI coatings do not change the mechanistic behavior of LNMO, they may act to suppress particle segregation. We also find that the coatings have pronounced effects on the P-LNMO rate capability. Figure   5 and 6 show the charge-discharge curves at various C rates for coin-cells containing P-LNMO, and a summary of their rate capability for specific discharge capacity and energy density, respectively. As shown in Figure 6a , the specific discharge capacity of pristine P-LNMO reaches 135.7 mAh g at 20 C. We also find that the rate-induced polarization is severe in the case of the pristine and PI-coated P-LNMO, leading to the reduction of specific energy density performance (Figure 6b) . At 20 C, the SiO 2 -coated P-LNMO retains ~ 61.0% of its specific energy density, whilst the pristine and PI-coated P-LNMO have only ~ 32.4 and 36.9%, respectively, of their specific energy densities at 0.1 C. We note that pristine P-LNMO does not have a conductive coating such as carbon or graphite, and that the SiO 2 coating greatly reduced the rate-induced polarization, showing better energy efficiency at high rate. In terms of energy efficiency, the SiO 2 -coating was found to have the greatest positive contribution to the P-LNMO. In general, the rate capability of P-LNMO is inferior to that of F-LNMO, with this attributed to strain resulting from an additional phase transition as well as lower ionic/electronic conductivity. 49 We find that the PI coating results in slightly worse rate capability of the P-LNMO, with the PI coated material exhibiting ~ 83% of its 1 C capacity at 10 C, compared with 90 % for the uncoated material. A similar case is found for the F-LNMO, where PI coated F-LNMO retained 56% of its 1 C capacity at 10 C compared with 63% for the uncoated material. 40 This comparison also reveals that the decrease in rate capability induced by the PI is ~ 8% for P-LNMO and ~ 11% for F-LNMO, although it is worth noting that the rate capability of P-LNMO is significantly better than for F-LNMO. significantly lowers the energy barrier for charge transfer between the electrolyte and electrode, a major cause of the rate-induced decrease in polarization. We note that the cells tested using EIS were at their discharged state-of-charge (SOC = 0%), where the material should be the least electronically and ionically conductive. 45 The Warburg impedance can be represented in the low frequency region and is used to describe the diffusion of lithium toward or away from the electrode surface. The lithium diffusion coefficient (D Li ) was calculated and summarized in Table 3 : ), and C is the bulk concentration of Li in the electrode (mol cm -3 , obtained using molecular volume from Table 1 ).
D Li are 1 -3 orders of magnitude lower than previously reported, [25] [26] [51] [52] [53] likely as a result of the 0% SOC. 45 As similar to that for F-LNMO, at a deeper discharge state D Li can be small. In this work, we compared the three LNMO electrodes and found that in the cycled cell containing , which is ~ 15% higher than for the pristine P-LNMO. The cell containing PI-coated LNMO exhibited a ~ 8% lower D Li than for pristine P-LNMO. Faster lithium diffusion is expected to contribute to enhanced rate capability, as observed for the cell containing SiO 2 -coated P-LNMO (Figure 5 and 6) . Mn deposition on the Li electrodes in coin cells containing the different P-LNMO electrodes following 50 cycles was measured using ICP-AES, and the Mn content is shown in Table 4 .
Although it can be seen that the Mn dissolution occurred in cells containing all three P-LNMO types, the coatings are found to provide some protection against this. The PI-coating reduced the Mn deposition by 31.3% at 25 °C and by 20% at 55 °C, relative to pristine P-LNMO, likely as a result of its good chemical resistance. Similarly, a polyimide coating enhances capacity retention at 55 °C by ~ 85% for ordered 
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